We investigate the origins of lasing emission in a scatterer-resonance-controlled random laser made of ZnO nanopowder over a wide temperature range (20-300 K). At higher temperatures ( 150 > K), the lasing emission appears around exciton recombination energies and the lasing threshold carrier density is comparable to the Mott density, indicating that the resonance-controlled random laser is going toward showing excitonic lasing; at lower temperatures, random lasing is caused by usual electron-hole plasma recombination because of the threshold carrier density being much larger than the Mott density.
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Introduction
Random lasers have a simple structure, consisting of randomly shaped nanopowder as a scatterer and luminescent material (e.g., dye molecules [1] , rare-earth ions [2] and semiconductors [3, 4] ) as an optical gain material. Because of their simplicity and low cost, random lasers are attractive candidate inexpensive stimulated emission sources. Generally, random lasing arises from light amplification due to strong multiple-light-scattering events among scatterers in the gain media [5, 6] . Due to the randomness of the scattering events, however, controlling random lasing features such as the lasing wavelength and the number of spike-like peaks is very difficult. Moreover, random lasers usually have relatively large lasing thresholds due to the considerable scattering loss [3] .
Random lasing from randomly shaped and sized semiconductor nanopowders (i.e., normal random lasing) occurs at the wavelength of its maximum optical gain [7] , rather than at a specific resonance wavelength of the scatterer. Since the wavelength at the maximum optical gain of a semiconductor depends on the temperature, the lasing wavelength of the normal random laser gradually shifts in accordance with the temperature-dependent optical gain spectra.
We previously reported [8] that a normal ZnO random laser has a relatively large lasing threshold over a wide temperature range of T = 20-300 K due to the large scattering losses. Therefore, normal ZnO random lasing was ascribed to electron-hole plasma recombination. However, if optical losses are suppressed and the lasing threshold consequently decreases, then another lasing type, namely excitonic lasing, may dominate the random lasing process [9] [10] [11] . In fact, excitonic lasing was previously observed in GaAs quantum-wire structures in a strong carrier confinement regime [12, 13] and in a ZnO planar microcavity structure at low temperatures [14] .
We proposed, in order to control the lasing modes and reduce the lasing thresholds, a new random laser structure consisting of size-monodisperse scatterers and intentionally introduced scatter-free (i.e., defect or void) sites [15, 16] . Numerical analysis demonstrated the possibility of controlling the resonant frequency, localizing the lasing position at the defect sites and realizing lasing modes with high Q [15, 16] . To experimentally verify our proposed method, we prepared a random laser from homogenized spherical ZnO nanopowder and introduced polystyrene particles as defect sites. We observed that this laser had features clearly distinct from those of normal ZnO random lasers; it exhibits quasi-single-mode lasing emissions with thresholds at room temperature much lower than those of normal ZnO random lasers [17] .
In such resonance-controlled-type ZnO random lasers, the lasing characteristics are expected to depend on not only the gain properties of ZnO but also the resonance properties of the resonant scatterer. Resonance-controlled random lasers have thresholds that are an order of magnitude lower than those of normal ZnO random lasers. Therefore, a unique lasing mechanism, i.e., lasing from the exciton quasiparticles, may be realized.
In this work, we investigate the temperature dependence of the resonance-controlled ZnO random laser characteristics in order to clarify the origins of the lasing emission lines. Using the quasi-single lasing mode of the resonance-controlled ZnO random laser allows us to investigate the relation between the resonance wavelength of the scatterer and the optical gain curve, in an effort to better understand random lasing mechanisms. We showed that the lasing emission peaks appear at the resonance wavelength of the scatterer and that the lasing threshold is mainly determined by the Q-factor of the scatterer resonance mode. We discussed the origins of the resonance-controlled lasing emission on the basis of the temperature dependence of the excited carrier densities at the lasing thresholds.
The experiment
We used two types of ZnO nanopowder as random lasing media: randomly shaped ZnO powder (Hakusuitec) with a mean diameter of 100 nm and spherical ZnO powder prepared by laserinduced melting of the randomly shaped ZnO powder [18, 19] . Figures 1(a) and (b) show scanning electron microscope (SEM) images of the spherical and randomly shaped ZnO powders, respectively. The mean diameter of the spherical powder was ∼200 nm (figure 1(a)). These nanopowders were dispersed in distilled water. To introduce defect (scatterer-free) sites in the spherical ZnO powder system, polystyrene particles (Corefront) with a mean diameter of 900 nm were added into the spherical ZnO dispersed solution. The above solutions were then dropped onto silicon substrates and dried in air. The surface density of the defect polystyrene particles is estimated to be ∼1.3 × 10 −2 μm −2 .
An excitation light pulse of 355 nm with a pulse duration of 300 ps and repetition rate of 2 kHz was incident normal to the sample surface from a Q-switched laser (Teemphotonics). Excitation laser power losses in windows and lenses were corrected. The diameter of the excitation light spot was ∼30 μm. The light emitted from the sample was collected in the same direction using a single monochromator equipped with a charge-coupled device (Princeton Instruments, PIXIS:100B) and two lenses (diameter 25 mm, focal lengths 50 and 100 mm). The spatial resolution of the present measurement system was ∼7 (vertical) × 5 (horizontal) μm 2 , as was determined from the pixel size of the CCD and the slit width. The random lasing of the spherical ZnO powder was measured at a particular defect site (i.e., polystyrene sphere), as schematically shown in the inset of figure 1(a). A defect site was identified from a 1D image of the lasing emission using a vertical CCD array. The lasing measurements were performed at T = 20-300 K in a closed-cycle refrigerator cryostat (IWATANI CRT 105PL) 7 .
Results and discussion
Figures 1(c) and (d) show emission spectra of spherical and randomly shaped ZnO powders, respectively, at T = 20, 180 and 300 K. For the spherical sample, each spectrum for the different temperatures was measured at different defect sites. At T = 300 K ( figure 1(d) ) the randomly shaped ZnO powder shows a large number of spike-like peaks, that are attributed to random lasing arising from multiple scattering in the media (i.e., commonly observed random lasing) [3] . In contrast, a single sharp peak emitted at the defect site of the spherical ZnO powder can be clearly observed in the broad spontaneous emission band (figure 1(c)). This single sharp emission peak is caused by resonant scattering of the emitted light at the spherical ZnO scatterers and by the effect of light localization around the defect site (defect-site lasing) [17] . In the defect-site lasing system, the gain is achieved by light emission from ZnO powder surrounding the defect site, and then, the localized light field is not restricted in the defect site itself but properly penetrates into the ZnO powder area. The single sharp emission peak is also 7 Because of the limitation of our pumping laser pulse power, the lasing measurments were performed at 300 K using the experimental setup described in [17] . observed at low temperatures (T = 20 and 180 K, figure 1(c)). Such lasing peaks shift towards shorter wavelengths with decreasing T.
In previous works [7, 8] , we have shown that the lasing peak position of a semiconductor (normal) random laser corresponds to the maximum of the gain spectrum calculated by using its physical parameters, not using its structural parameters. For ZnO, the optical gain spectrum g ( ) ω can be obtained from [22] :
where c denotes the speed of light in vacuum. The optical susceptibility ( ) χ ω includes the quantum many-body effects of excited carriers and can be obtained by solving the Bethe-Salpeter ladder equation which was derived from quantum field theory [22] . Details on the calculation procedure and required parameter values for g ( ) ω can be found in [8] . The dashed curves in figures 1(c) and (d) show, as an example, the gain spectra g ( ) ω at T = 20, 180 and 300 K. The peak wavelength shifts toward the shorter wavelength side with decreasing T in correspondence with the peak of normal random lasing emission. On the other hand, the lasing peak wavelengths for defect-site lasing do not always agree with the gain maximum. This indicates that the temperature dependence of the defect-site lasing peak does not follow that of the gain peak. Thus, while the peak wavelengths of a normal random laser agree with the temperature-dependent gain maximum wavelengths, those of defect-site lasing are determined by both gain and scatterer resonance properties.
Figures 1(e) and (f) show plots of the defect-site and normal random lasing peak emission intensities, as a function of the excitation power density P at different temperatures and at different defect sites. Here, the peak intensity represents the maximum in intensity of a single lasing peak (defect-site lasing) or that of a broad peak with several spikes (normal lasing). The lasing threshold power densities P th for both defect-site and normal lasing decrease with decreasing T. However, P th is smaller for defect-site lasing than for normal random lasing over the temperature range (i.e., P 0.1 th = -4.5 MW cm −2 for defect-site lasing and P 0.8 th = -65 MW cm −2 for normal random lasing at T = 20-300 K).
To obtain more detailed information on the defect-site lasing characteristics, the lasing spectra of the spherical ZnO powder at two different defect sites were measured at various temperatures. Figures 2(a) and (b) show the temperature-dependent defect-site lasing spectra measured at the specific defect sites A and B at the fixed excitation power densities P = 5 and 0.9 MW cm −2 , respectively. For comparison, figure 2(c) shows the normal random lasing spectra excited at P = 2 MW cm −2 at the same spot. The temperatures were varied from 300 to 220 K in figure 2(a) and from 140 to 60 K in figures 2(b) and (c). Figure 2 shows that the lasing temperature dependence of the defect-site random laser is clearly different from that of the normal random laser. The defect-site lasing emission intensity reaches its maximum at particular temperatures: T = 260 K for A ( figure 2(a) ) and T = 120 K for B ( figure 2(b) ). In contrast, the lasing intensity for the normal ZnO random laser increases monotonically with decreasing T. The lasing wavelength for the defect-site random laser is almost temperature independent; it oscillates at ∼380 nm and ∼373 nm for A and B, respectively. The normal random laser exhibits a clear blue-shift with decreasing T according to the peak shift of the gain spectra (see also figure 1(d) ).
The lasing wavelength at the defect site can be determined by the resonance frequency of the scatterer, whereas its emission intensity can be determined only by the optical gain. The spectral dependence of the optical gain in semiconductors is strongly dependent on the temperature, but the resonance frequency of the scatterers is not. Therefore, the lasing emission intensity at the defect site reaches its maximum at the temperature where the optical gain at the resonance frequency of the scatterer shows the highest value. Thus, the maximum lasing emission intensities for defect sites A and B are reached at different temperatures (T = 260 and 120 K, respectively) due to the different resonance frequencies of the sites.
In figures 3(a) and (b), the defect-site lasing characteristics at different defect sites ('nonspecific' defect sites) for temperatures from T = 20 to 300 K are shown (crosses). These data were obtained without paying attention to 'specific' defect sites, A-D. Because the peaks of the defect lasing emission slightly blue-shifted (≲0.5 nm) with increasing P, we employed the peak position values (λ em and E em ) near thresholds. For comparison, the lasing position and threshold obtained from a normal random laser are also plotted. The temperature dependence of the peak position for the normal random lasing corresponds to that of the gain peak position (E g max , or g max , λ ) calculated from equation (1) . At high temperatures (T 150 ⩾ K), the defect-site lasing wavelengths (energy) are shorter (greater) than those for the normal lasing ones. Further increasing T makes the difference more remarkable. The lasing thresholds for the defect-site lasers are much lower than those for the normal random laser when T = 20-300 K. This lasing threshold difference increases with increasing T; thus, the defect-site random laser is found to be less sensitive to the temperature than the normal random laser.
The solid curves in figures 3(a) and (b) show the lasing wavelength and threshold for four 'specific' defect sites, A-D, plotted against T. Note that these specific defect-site lasing data were obtained by lowering T from room temperature to 20 K without moving an excitation laser spot from their specific defect sites. As shown in figure 3(a) , each lasing wavelength shows no strong dependence on T (e.g., it is 380 nm at A). The resonance frequency of the scatterer can be determined from the refractive index and structural size of the scatterer [15] . The smaller temperature variation of the lasing wavelength in figure 3(a) may reflect a smaller change in the refractive index of the scattered material (ZnO). The temperature variation of the refractive of semiconductors is known to be of the order of 10 −5 (K −1 ) [20] . The temperature dependence of the defect-site lasing threshold in figure 3(b) shows that each defect site exhibits a dip in the threshold versus T data (e.g., at T 120 ∼ K for B). As expected, the temperature at which the lasing threshold becomes minimum corresponds to that giving the maximum lasing emission intensity (cf defect site B in figure 2(b) ). Figure 3(c) shows the threshold carrier density n th (in m −3 ) versus temperature T for the defect-site laser (crosses) together with those for the normal random laser (open squares). To carry out the conversion P n th th → , we used the following differential equation [8] :
and D denote the time-dependent carrier density, the excited intensity, the photon energy of the excited light and the diameter of the ZnO nanopowder, respectively. We numerically solved equation (2) for n(t) assuming a Gaussian pulse waveform [11] , and then obtained n th as the time-averaged value of n(t) from experimental P th values. The temperaturedependent parameters T ( ) τ and T ( ) η represent the intrinsic carrier lifetime and quantum efficiency of ZnO, respectively, which were obtained from the literature (τ) [21] and from our measured spontaneous emission spectra (η). Note that the converted n th values are upper limits because the reflection and/or scattering power losses due to the ZnO random laser structure are not included in the above conversion procedure. On including such power losses in the conversion procedure the density values may become lower.
In figure 3(c) , we compare the experimentally determined threshold carrier densities n th for a normal ZnO random laser with the theoretical carrier density n cal th , obtained from the gain spectra using equation (1) . These calculated curves explain the experimental n th of the normal random laser well, indicating that the origin of the normal random lasing is electron-hole plasma recombination [8] .
We consider the temperature dependence of the defect-site lasing characteristics shown in figure 3 . At temperatures below 150 K, the defect-site lasing energies agree with those of the normal random laser ( figure 3(a) ). Thus, the defect-site lasing mechanism at T 150 < K can be attributed to the electron-hole plasma recombination, like for the normal random laser [8] . Above T 150 ∼ K, the observed lasing energies are clearly larger than those for the normal random laser and approach the exciton recombination energy (E X ) of ZnO nanoparticles [8] (dotted curve in figure 3(a) ). Thus, defect-site lasing at higher temperatures (T 150 > K) may be related to the excitonic recombination.
As shown in figure 3(c) , the n th values for the defect-site lasing (crosses) are almost independent of T 8 . In more detail, the n th values can be determined from the total loss in the corresponding lasing system. To achieve lasing, the optical gain, which is a quantity that is proportional to the excited carrier density, must overcome the total loss. Assuming that the loss in the present defect-site laser system is limited by the Q-factor of each localization mode, n th can be directly connected with its Q value. Note that the Q-factor of the localization mode depends on the refractive index at the lasing wavelength. Thus, it has no strong dependence on T. Although the thresholds in figure 3(b) were obtained from lasing spots at randomly selected defect sites, the n th values (crosses) plotted in figure 3(c) reflect no strong dependence of the Qfactor on T. Due to there being no strong T dependence of n th , the defect-site lasing peak energies fall into the range of the electron-hole ones at low temperatures (T 150 < K) and approach the exciton recombination energies (E X ) above ∼150 K.
In figure 3(c) , the temperature dependence of n th for the specific defect-site lasing case (solid circles) is quite different from that for the non-specific lasing cases (crosses). Each defect site exhibits a minimum n th at different temperatures, e.g., at T 120 ∼ K for defect site B (figure 3(c)), with no strong dependence of the lasing peak energy on T (∼3.31 eV for defect site B; figure 3(a) ). Each n th versus T curve in figure 3(c) exhibits a steep increase towards the side with low temperature. This behavior reflects a temperature shift of the gain spectrum of the lasing medium. In other words, because the lasing energy at specific defect sites can be determined only by their structure, i.e., their own resonance frequency [15] , which has no dependence or a negligible dependence on T, n th for the specific defect lasing steeply increases with decreasing T due to the large deviation between the temperature-sensitive gain maximum and the temperature-insensitive resonance energy. Note that one of the temperature-dependent loss mechanisms is an exciton-phonon coupling [8] . This loss mechanism may also lead to an increase in n th for the defect-site lasing at higher temperatures.
Consequently, when we observe the lasing properties at a 'specific' defect site and at different temperatures from higher to lower T, the lasing is initiated at a resonance frequency with a minimum n th value, where the total loss and gain were balanced at the starting higher temperature. Thus, when the lasing properties are measured at different defect sites and at different temperatures (i.e., 'non-specific' defect sites), the lasing energies shift according to their temperature-dependent gain spectra while n th is almost constant over the measurement T range.
Finally, we consider the origin of our observed defect-site lasing in more detail. The Mott density can be obtained, from which the mean distance between the excitons is equal to the exciton Bohr radius. When the photoexcited carrier density exceeds the Mott density, its screening effect becomes dominant and the Coulomb attraction force becomes negligible. As a result, the exciton quasiparticles may change to exhibiting an electron-hole plasma nature. Thus, the Mott density is a criterion for distinguishing excited electronic states: excitonic or electron-hole plasma cases. The dashed curve in figure 3(c) plots the Mott density calculated using the model proposed by Versteegh et al [22] . For the normal random laser, the threshold carrier density (open squares) is much larger than the Mott density over the whole wavelength region, indicating electron-hole plasma lasing. The n th values for different defect sites (crosses) at T below 150 K are clearly larger than the Mott density, which indicates that the defect-site lasing mechanism is due to electron-hole plasma recombination lasing. This mechanism is commonly observed in normal random lasers [8] . Above T 150 ∼ K, on the other hand, the n th values are nearly the same as the Mott density. Therefore, the defect-site lasing system approaches excitonic lasing with increasing T. This fact corresponds to the experimental evidence showing that the defect-site lasing peak at higher T appears near the exciton recombination energy ( figure 3(a) ).
Conclusion
We investigated the origins of lasing emission in artificially introduced defect sites of a spherical ZnO nanopowder random laser. Our artificially resonance-controlled random laser exhibited the usual electron-hole plasma lasing at low temperatures (T 150 < K). At higher T, the lasing emission appears around the exciton recombination energies and the lasing threshold carrier density becomes comparable to the Mott density, indicating that the resonancecontrolled random laser system goes toward excitonic lasing with increasing T. Further tuning of the resonance of the scatterers may allow us to unambiguously show excitonic lasing. This specially designed ZnO random laser had a uniqueness, exhibiting extremely high lasing wavelength stability against temperature. The present study may thus open the possibility for realizing high performance in ZnO random lasers.
